Supercavitation is one of the most attractive technologies to achieve high speed for underwater vehicles. However, the multiphase flow with high-speed around the supercavitating vehicle (SCV) is difficult to simulate accurately. In this paper, we use modified the turbulent viscosity formula in the Standard K-Epsilon (SKE) turbulent model to simulate the supercavitating flow. The numerical results of flow over several typical cavitators are in agreement with the experimental data and theoretical prediction. In the last part, a flying SCV was studied by unsteady numerical simulation. The selected computation setup corresponds to an outdoor supercavitating experiment. Only very limited experimental data was recorded due to the difficulties under the circumstance of high-speed underwater condition. However, the numerical simulation recovers the whole scenario, the results are qualitatively reasonable by comparing to the experimental observations. The drag reduction capacity of supercavitation is evaluated by comparing with a moving vehicle launching at the same speed but without supercavitation. The results show that the supercavitation reduces the drag of the vehicle dramatically.
Introduction
Hydrodynamic drag is one of the greatest interests in marine hydrodynamics and aerodynamics. For a moving vehicle, drag force on one hand induces a lot of energy consumption in our daily life. On the other hand, it limits the speed of the vehicle. In addition, the drag force of a stationary object enhances structural load, which is often accompanied with high cost during the design process to maintain the structure strength. As a consequence, drag reduction is a long-standing challenge for both scientists and engineers. A series of flow control methods have been put forward for decreasing drag, such as putting tiny amount of polymer additives into water (Xiong et al., 2010; Xiong et al., 2013) , using porous media (Bruneau and Mortazavi, 2008) , as well as shape optimization , and so on (Beaudoin and Aider, 2008; Choi et al., 2008) . One of the most promising ways to reduce drag resistance is by filling water vapour or gas to isolate the underwater vehicle, one of which is well known as supercavitating drag reduction (Arndt et al., 2005; Ceccio, 2010; Arndt, 2013) . In a supercavitating flow, the cavitator contacts with water constantly. The rest parts of the vehicle mostly contact with either the saturated water vapour produced by natural phase exchange or the gas releases from an artificial ventilation vent. Since the surface of underwater vehicle contact with vapour or gas, the friction drag exerted on the vehicle is negligible. Therefore, the vehicle could achieve very high speed in water. This technology supplies us an alternative of high speed voyage in the future.
However, it should be noted that this technique is still in the very early stage even though it has been utilized in the socalled supercavitating torpedo (Choi et al., 2005a,b; Alyanak et al., 2006) . There are several challenges need to be overcome in order to achieve manipulated flight in the water: 1) the balance of the gravity of the vehicle is difficult since the Archimedes force is becoming negligible because the vehicle is enveloped by low-density medium; 2) the traditional propeller is ineffective since it is difficult to extend the turbine into water in order to get thrust by pushing water; 3) it is hard to control the moving direction of the underwater vehicle; 4) how to isolate the tremendous noise aroused by the condensation of bubbles; 5) how to brake the vehicle safely. All of the above questions are related to the fundamental problems, which are among how to calculate the unsteady pressure drag on the cavitator, as well as the shape and size of the cavity accurately, and how to optimize the shape of cavitator to achieve less drag but larger cavity.
To solve these problems, both the potential theory and Computational Fluid Dynamics (CFD) are utilized to calculate the shape of the cavity and the corresponding drag (Dieval et al., 2000; Choi et al., 2005b; Alyanak et al., 2006; Gao et al., 2012; Likhachev and Li, 2014; Pan and Zhou, 2014) . Furthermore, there are also a great number of the semiempirical theories and experimental studies have been done on the supercavitating flow (Tulin, 1998; Hrubes, 2001; Ito et al., 2002; Kulagin, 2002; Nouri and Eslamdoost, 2009; Yi et al., 2009; Cameron et al., 2011; Kim and Kim, 2015) . In general, the semi-empirical theory and the potential theory could give an accurate result quickly, however they are not so versatile for the transient flow and complex geometric configuration. Meanwhile they are incapable to give detailed flow behaviour of the cavitation (Tulin, 1998; Kim and Kim, 2015) . On the contrary, CFD and the experimental measurements are flexible to obtain abundant results, but they are both time-consuming and hard to implement. Especially, the cavitation model, multiphase flow method, numerical methods, and the turbulence model influence the accuracy of the result (Singhal et al., 2002; Coutier-Delgosha et al., 2007; Seif et al., 2009) .
In this manuscript, we are going to examine our numerical results by experimental data, and then we are going to study the drag coefficient of different cavitators by numerical simulations. In the last part of the paper, the supercavitating drag reduction capacity is compared by using an unsteady numerical simulation. The selected case corresponds to our outdoor supercavitating experiment.
Governing equations and computational setup
A single fluid approach was used to simulate the unsteady flow of mixture phase consisting of vapour phase and water phase. The governing equations which are composed by mass and momentum conservation equations as well as a transport equation of water vapour have the following form, respectively:
Here
k =r m is the averaged velocity of mass; a k denotes a volume fraction of phase-k, the subscript k and m represent the phase-k and mixture phase, respectively. The mixture density and viscosity are calculated
The mass fraction of water vapour f can be calculated based on the density relation as 1=r m ¼ f =r v þ ð1 À f Þ=r l , the suffix of m, l and v denote the mixture, liquid and vapour phase, respectively. To improve the numerical stability, an artificial diffusion term in the transport equation is employed; the diffusion coefficient is reasonable small and may avoid a sharp interface which arises remarkable numerical instability in cavitating simulation. The source term R e and R c in the transport equation represent the generation and condensation of vapour, respectively. Source terms are sensitive to the local absolute static pressure and turbulent kinetic energy. Here we adopted the Singhal's cavitation model which has the following form:
where p v is the phase change threshold pressure which is calculated by p v ¼ p sat þ 0:5p turb and p turb ¼ 0:39r m k, here k is the turbulent kinetic energy. V ch is a characteristic velocity which measure the effect of local relative velocity between liquid and vapour and is estimated as ffiffi ffi k p . The empirical coefficient C e and C c are set as 0.02 and 0.01, respectively, as recommended in the literature (Singhal et al., 2002) . z is the surface tension of liquid.
For the most circumstances, cavitating flows are also turbulent flow, which are characterized by fluctuating velocity fields. Since these fluctuations can be of small scale and high frequency, they are too computationally expensive to simulate directly in practical engineering applications. Instead, the instantaneous (exact) governing equations can be timeaveraged, ensemble-averaged, or otherwise manipulated to remove the small scales, resulting in a modified set of equations which are computationally less expensive to solve. To model the influence of turbulence in the present study, the SKE two equations model as well as standard wall function are utilized in our simulations. The two equations are written as follows:
and c m ¼ 0:
It is still a numerical challenge to achieve an accurate converged solution for high-speed supercavitating flow, because of the huge density ratio of liquid to vapour, the severe pressure gradient and complex mass and momentum exchanges between different phases. In addition, it is normal to generate a poor quality mesh with high skewness considering the complexity of geometry for the purpose of engineering design. Then it would be very difficult to obtain proper numerical results by the reason of 'blowing-up'. During our numerical simulations, we employed the SKE, which is the most widely-used engineering turbulence model for industrial applications. It is well known for its robustness. However, the turbulent viscosity ratio by using SKE is extremely high, it also affects the convergence of the solution. Furthermore, the model itself is unable to simulate the unsteady behaviour of cavitation correctly. After an initial fluctuation of the cavity volume, the calculation leads to a quasi-steady behaviour of the cavitation sheet. Moreover, the overall length of the predicted cavity is shorter than the experimental result. The problem seems to lie in the over prediction of the turbulent viscosity in the region of the cavity closure. The re-entrant jet formation, which is the main cause for the cavitation cloud separation, does not take place in this case.
Therefore, it is reasonable to adjust the SKE model. However, the turbulence modelling of multiphase flows is challenging. Considering the limitation of the SKE model, it overestimate the production of k unphysically in the region where strain rate is large. This is a very severe error which may change the pressure threshold of cavitation (recall that isotropic normal Reynolds stress is 2rk/3). Furthermore, as one of the eddy viscosity models, isotropic assumption is built in SKE model, which is not the fact of supercavitating flow, especially for those regions with both phases (where have anisotropic material properties). Hence turbulent model were frequently corrected to fit special flows in literature. Here we modified the turbulent viscosity formula to avoid an overestimation of k and turbulent viscosity ratio for the region with both liquid and vapour phase. The current correction of SKE could suppress turbulent viscosity ratio and facilitate the convergence of a solution for supercavitating flow. Specifically, to avoid the overestimation of the turbulent viscosity ratio, a function of f ðrÞ ¼ exp
instead of using the standard form f ðrÞ ¼ r m in SKE two equations model. Therefore, the turbulent viscosity in this study is given by:
Either in liquid or vapour, the corrected model recovers to the original SKE model. For the mixture zone of vapour and liquid, the turbulent viscosity is reduced in the corrected model. The reduction of turbulent viscosity can be illustrated as shown in Fig. 1 .
The above non-linear system is discretized to the algebraic equations with a finite volume method. The linear algebraic system is solved under a W-type multi-grid to accelerate convergence. According to the reference (Seif et al., 2009) , PISO method was used in this study for the coupling between pressure and velocity.
Numerical validation
The basic similarity parameters of the supercavitation flows are cavitation number and Reynolds number, which are defined as:
where p ∞ is the environmental pressure; p c is the pressure inside of a cavity;r l andm l denote the density and viscosity of liquid phase, respectively; and V ∞ is the relative velocity of bulk liquid to the SCV. Cavitation number expresses the relationship between the difference of the local absolute pressure to the saturated vapour pressure at present temperature and the kinetic energy per volume, and it is used to characterize the potential of the flow to cavitate. To validate the present numerical method and model, cavitating flows past a slender body with a half-sphere cavitator and a 45-degree cone cavitator are studied. The partial mesh configurations around the slender bodies are shown in Fig. 2 .
Figs. 3 and 4 plot the pressure coefficient
along the surface of the slender body for the cases with a halfsphere cavitator and a 45-degree cone cavitator, respectively. For both cases, two cavitation numbers (0.3 and 0.4) are simulated and compared with experimental results (Rouse and McNown, 1948) . The corresponding Reynolds number are 5.5 Â 10 5 and 6.5 Â 10
5
. The comparison shows that the present model and numerical methods predict a reasonable pressure field, especially at the front part of the slender body. The simulation results therefore give the right length of the cavity. The negative pressure coefficient represents the liquid phase changes into vapour phase. After the vapour zone, the pressure is high locally. It suggests that the liquid phase reattaches on the surface of the slender body. Then the pressure recovers to the environmental pressure along the slender body.
Numerical simulation for low cavitation number
In general, the cavitation number of supercavitating flow is small, and the size of the cavity is larger than the slender body. In fact, the slender body is immersed in vapour phase. Therefore, it is reasonable to ignore the slender body to simulate the drag and the size of cavity arising from the cavitator. Besides the half-sphere and cone cavitator, a disk cavitator is also frequently adopted in supercavitating flow. The dimensionless supercavity sizes behind a disk cavitator have been plotted in Fig. 5 for both the simulation and experimental results at different cavitation numbers. The length and the maximum diameter of the supercavity (L c and D c ) are normalized by the diameter of the cavitator (D n ). The numerical results give a similar trend to the experimental results (Knapp et al., 1970) . Both the length and the maximum diameter of the supercavity decreases as the cavitation number increases.
Figs. 6 and 7 show the numerical results and experimental measurements of the sizes of the cavity behind a half-sphere and a 45-degree cone cavitator. All of the numerical simulations give a litter larger length and a smaller diameter of the cavity than the corresponding experimental results (Knapp et al., 1970) . Furthermore, the diameter of cavity behind the cone and sphere cavitator simulated are more consistent with that of experimental results compared to the disk cavitator. The reason may be that the blockage ratio is larger in numerical simulation than that in experiment. The high blockage ratio suggests that the radical flows are slightly suppressed, it leads to a slight decrease of the radical velocity and an increase of the streamwise velocity. Therefore, the reattachment length increases and the maximum diameter of cavity + MODEL decreases. For the disk cavitator, the radical velocity of liquid is larger than that in the other cases, so that it is affected by the blockage ratio more severely than the others. In Fig. 8 , the supercavity outlines behind the three cavitators adopted are plotted ats ¼ 0:03. One can observe that the size of cavity arise from the disk cavitator is much larger than the others. The 45-degree cone cavitator produces the smallest cavity. The drag exerted on the cavitator is also important for the supercavitating underwater vehicle, therefore the drag coefficients of the three different cavitators are listed in Tables 1e3. Besides the CFD results, the results of the theoretical prediction by using Reichardt formula (c x ðsÞ ¼ c x0 ð1 þ sÞ if0 < s < 1:2, c x0 is the drag coefficient when cavitation number is 0) are also listed in Tables 1e3 The drag coefficient of disk cavitator is larger than the other two cavitators from the tables. In general, the theoretical prediction of drag coefficient is in a good agreement with the CFD results. It suggests that our numerical results are reliable.
Numerical simulation of an unsteady flying SCV
One of the most challenges to investigate the supercavitating flow is the fact that the experimental study is very difficult to implement, since the supercavitation normally occurs at very high speed, which is hard to achieve by using a normal water tunnel. A possible way to perform experimental study is to observe the flow around a fast flying supercavitating object. However, it is very difficult to record more experimental data around an unfixed object except to take images by high speed camera. Hence, an efficient + MODEL numerical simulation to compare with the experimental snapshot would be very important. Here we proposal an unsteady simulation by using dynamics mesh to mimic the experimental scenario.
To simulate the unsteady deceleration motion of a SCV, we keep the fluid around SCV at rest in the computation domain, while the vehicle moves at the initial speed of 130 m/s, which is the same as the launching speed prior to the ignition of a rocket engine in the experiment. However, the length of the water channel is very long compared with the length of the vehicle in the experiment. In the simulation we reduced the length of computational channel and remedied with an automoving computational domain. Therefore, the computational cells are generated successively at the beginning of the domain in front of the vehicle and removed at the end of the domain. Consequently, the relative position of the vehicle in the computational domain is approximately fixed. The speed of the moving mesh corresponds to the speed of the vehicle, which is calculated by Newton's second
where Fth is the thrust act on the vehicle, F d is the drag of the vehicle, and m is the mass of the vehicle. In the experiment, the vehicle (shown in Fig. 9 ) is a variable mass system since the solid rocket engine with design thrust of 5 kN is planted inside the vehicle. The initial mass of vehicle is 11.9 kg.
To simplify the dynamical numerical simulation of the SCV, it was assumed that there was no rotational motion during the simulation of the movement of the SCV so that an equilibrium respect to the pitch axis is auto-satisfied. In fact, it is extremely difficult to keep the pitching-moment balance in experiment since the buoyance force of the vehicle exerted by water is lost. This challenge could be overcome in theory by a combination of the following ways: 1) install a flexible nozzle to produce a transverse force in order to balance the gravity of the vehicle; 2) adjust the normal direction of the cavitator slightly; 3) keep the tail of the vehicle contacting with the wall of the cavity to support the gravity of the vehicle; 4) install a set of tail fins extending into liquid zone to stabilize the motion of the vehicle. However, neither the above-mentioned method was adopted in our experiment. Although the pitching-moment is not balanced, a stable horizontal launch with the minimum vibration was strictly controlled. Considering the flying time is short enough in the channel (at the order of 0.1 s), the angular velocity of the vehicle is not very large, thus the SCV flies in the channel. The control of pinching-moment to balance the vehicle will be considered in the future experiment.
To simulate the flying process of the SPV, a moving grid was employed to describe the whole process of the supercavitation scenario. In the moving grid, the integral form of the conservation equation for a general scalarf on an arbitrary control volume V, whose boundary is moving can be written as:
Here vV is used to represent the boundary of the control volume V, and u g is the velocity of the moving mesh. In the simulation, dynamic layering to add or remove layers of cells adjacent to the moving boundary are based on the height of the layer adjacent to the moving surface. The layer of cells adjacent to the moving boundary (layer j in Fig. 10 ) is split or merged with the layer of cells next to it (layer i in Fig. 10 ) based on the height (h) of the cells in layer j.
If the cells in layer j are expanding, the cell heights are allowed to increase until:
where h min is the minimum cell height of the cell layer j, h ideal is the ideal cell height, also it is the filter width, and a s is the layer split factor, 0.3 is used in this study. When this condition is satisfied, the cells are split based on the specified layering options, which are constant height or constant ratio. With the constant height option, the cells are split to create a layer of cells with constant height h ideal and a layer of cells of height (h-h ideal ). With the constant ratio option, the cells are split such that the ratio of the new cell heights is exactly the same as everywhere. Fig. 9 . The geometry of the SCV (unit: mm). As a result, a hybrid mesh, shown in Fig. 11 , is adopted in the simulation. Near the vehicle surface, unstructured grid is used, while the structured grid is used far away the vehicle. It is noted that the exhausted gas with high temperature discharged from the rocket engine may influence the cavitating flow, however, the exhausted gas of the rocket engine is ignored to simplify the computation in the present numerical work, and it need to be studied in the future. Fig. 12 shows the supercavity of the numerical results and experimental image at the time about 0.02 s. The experimental image is combined by two frames at different time. The vehicle is surrounded by supercavity in both pictures. In both methods, a cavity pinch-off at the rear part was observed. Considering the complexity and safety of experimental measurement, only the speed of the vehicle at fixed locations are measured, the error of the speed between the numerical result and experimental measure is about 1.5% as shown in Fig. 13 . The limited comparison suggests that our numerical simulations are qualitatively reasonable.
Here four different unsteady numerical simulations of the SCV are simulated, two of them represent the free fly tests of the vehicle without thrust. On the contrary in the other two simulations, a thrust of 5 Kn is exerted acts on the SCV. In both situations, two cases of the flow, i.e. flows with and without cavitation are simulated. For the flow without cavitation, the cavitation model is switched off. It is noted the flow without cavitation does not suggest an unphysical flow, if the vehicle moves at very high environmental pressure, cavitation would not occur. Fig. 13 shows the speed of vehicle decreases rapidly after launching at the speed of 130 m/s. Especially for the case without cavitation, the speed of vehicle reduces to below 20 m/s in only 0.15 s. The simulation was stopped when the vehicle has moved forward more than 20 m. At the same time, the vehicle with supercavitation still moves at the speed of 25 m/s.
In Fig. 14, the drag coefficients of both cases are plotted. Here the drag coefficient is defined as c d ¼ F=0:5rV 2 A, the instantaneous speed of vehicle is served as a reference velocity, A is the streamwise project surface area of the SCV. At the beginning, the drag coefficients are large for both cases, a hydrodynamic explanation for this scenario is the energy consumption of the starting vortex. Subsequently, the drag coefficient keeps at a small value for the case with cavitation. As the speed of the vehicle decreases, the size of the cavity decreases, and the drag coefficient abruptly increases at t z 0.17 s. On the other hand, the drag coefficient of the vehicle without cavitation keeps increasing. When the vehicle is driven with thrust of 5 kN, the speed of the vehicle decreases at the beginning, then a balance between the drag and thrust is almost achieved as shown in Fig. 15 . The ultimate speeds of the vehicle for the case with and without cavitation are 90 m/s and 39 m/s, respectively. It suggests that the supercavitation contributes a drag reduction of 82% for the present case. The drag reduction capacity can also be measured by the drag coefficient shown in Fig. 15 . Fig. 11 . The mesh around the SCV. Fig. 12 . Numerical result and experimental photo of the supercavity around the vehicle at the time of 0.02 s (þ0.007 s) after launching. It should be noted that the whole vehicle is not within the scope of our high-speed camera, so that the experimental photo is combined by two different frames from the video. 
Concluding remark
Numerical simulation of supercavitating flow is extremely important for the study of SCV. In this manuscript, the SKE turbulent model is modified to avoid the overestimated turbulent viscosity in the mixture of the liquid and vapour phase in supercavitating flow. The numerical results are consistent with experimental results and theoretical predictions, such as the size of supercavity and the drag induced by different cavitators. Furthermore, the computation is more robust with the present numerical method and model.
In the last part of the manuscript, we simulated a fast flying vehicle with and without cavitation in water. The unsteady numerical study shows that the supercavitation can dramatically reduce the resistance force of an underwater vehicle. However, the decrease of the supercavity size can lead to an abruptly drag enhancement. The pinch-off of the cavity are found behind a deceleration vehicle in both the experimental observation and numerical results. The mechanism of the pinch-off of the cavity and the influence of the exhausted jet from the rocket engine on the cavity should be well studied in the future research. 
